The history and phenomenology of hadronic parity nonconservation (PNC) is reviewed. We discuss the current status of the experimental tests and theory. We describe a re-analysis of the asymmetry for p+p that, when combined with other experimental constraints and with a recent lattice QCD calculation of the weak pion-nucleon coupling h 1 π , reveals a much more consistent pattern of PNC couplings. In particular, isoscalar coupling strengths are similar to but somewhat larger than the "best value" estimate of Donoghue, Desplanques, and Holstein, while both lattice QCD and experiment indicate a suppressed h 1 π . We discuss the relationship between meson-exchange models of hadronic PNC and formulations based on effective theory, stressing their general compatibility as well as the challenge presented to theory by experiment, as several of the most precise measurements involve significant momentum scales. Future directions are proposed.
Introduction
The experimental study of parity nonconservation (PNC) in ∆S = 0 hadronic interactions began only a year after Lee and Yang pointed out that parity might be violated in the weak interaction [1] . In 1957, the year that the 60 Co beta decay experiment of Wu et al. confirmed the Lee and Yang hypothesis [2] , Neil Tanner published the (negative) results of an experiment seeking to measure PNC in the reaction 19 F(p,α) 16 O [3] . Although the Tanner experiment lacked the sensitivity required to observe a signal, his effort was followed by others, with experiments designed to isolate tiny weak effects within systems where strong and electromagnetic interactions dominate continuing until today. The presence of weak effects is apparent from results such as the 2% photon asymmetry in the electromagnetic decay of an isomer of 180 Hf [4] A γ ( 180 Hf * → 180 Hf + γ) = −(1.66 ± 0.18) × 10
or the nearly 10% asymmetry in the scattering of longitudinally polarized neutrons from 139 La [5] A h ( n + 139 La) = (9.55 ± 0.35) × 10 −2 .
The asymmetries given in Eqs. (1) and (2) are, however, anomalously large, amplified by nearly degenerate nuclear states having the same spin but opposite parity. Indeed the natural scale of hadronic PV effects is five orders of magnitude smaller, ∼ G F F 2 π ∼ 10 −7 , where F π ∼ 92. 4 MeV is the pion decay constant. In the more than half century since the discovery of PNC, many searches for hadronic PNC effects have been performed, both with and without the use of nuclear amplification, creating a substantial body of results. (See, for example, the reviews of [6] [7] [8] ).
The focus of such work has changed from detection to analyzing the structure of the PNC response. At the time of the first experiments, only the charged weak current (CC) was known to exist,
where θ c ∼ 13 o is the Cabibbo angle and γ 5 = −iγ 0 γ 1 γ 2 γ 3 is the negative of that defined by Bjorken and Drell [9] . The ∆S = 0 weak interaction resulting from the contraction of this current and its Hermitian conjugate,
then consists of two components, a ∆I = 0, 2 piece multiplied by cos 2 θ C ∼ 1 which results from the symmetric product of isotopic spin I = 1 parts of the weak current and a ∆I = 1 piece multiplied by sin 2 θ C ∼ 0.04 which results from the symmetric product of I = 1/2 parts of the current. Thus the ∆I = 1 piece of the strangeness conserving PNC weak interaction generated by the current of Eq. (3) is strongly suppressed with respect to its ∆I = 0, 2 counterparts. Early on it was recognized that experimental studies of this ∆I = 1 component could be a probe possible neutral weak currents (NC). The development of the standard model and the experimental discovery of the hadronic NC
where θ W is the Weinberg angle and J em µ the electromagnetic current, led to an important program of semi-leptonic weak interaction studies of this current. In the case of hadronic weak interactions, this current generates a Hamiltonian H
that does add an unsuppressed NC contribution to the ∆S = 1 interaction: the product in Eq. (6) generates ∆I = 0, 1, 2 interactions. As NCs do not contribute to flavor-changing interactions, it was recognized that the resulting opportunity to study the NC hadronic weak interaction in ∆S = 0 systems -particularly ∆I = 1 channels -is unique. The nucleon-nucleon and nuclear systems are the only practical arenas for such studies, with PNC then available as a tool for isolating weak effects in systems dominated by strong and electromagnetic interactions. Summaries of experimental work are given in Sec. 2 [6] [7] [8] .
During the past five decades a great deal of theoretical work has also been performed, with the goal of understanding the patterns of observation and non-observation of PNC that emerged from the experiments. We describe several of the important unresolved issues in our description of PNC in Sec.
3, using the traditional meson-exchange picture of hadronic weak interactions. In Sec. 4 discuss issues in the context of partial-wave analyses and effective field theory, approaches that allow in principle for a more systematic approach to PNC (though their description of the weak nucleon-nucleon (NN) interaction is largely equivalent to the meson-exchange formulation). Then in Sec. 5, we describe an envisioned program that would have the potential to clear up many of the existing uncertainties. Our paper concludes with a brief summary in Sec. 6.
Experimental Summary
In the more than five decades since publication of the Tanner paper, many additional experiments have been carried out to probe the hadronic weak interaction. Ideally one would do a series of measurements in the NN system, where the strong interaction physics can be handled precisely: in the Danilov amplitude decomposition we describe in Sec. 4, a minimum of five measurements would be needed to determine the full set of S-P amplitudes. As the natural scale of NN PNC observables is ∼ 10 −7 , exceptional effort must be invested to accumulate sufficient counts to see an effect and to control systematics that could yield false signals. The results to date include a) The analyzing power for the scattering of longitudinally polarized protons from an unpolarized proton target has been measured at 13.6 [10] and 15 [11] MeV by groups from Bonn and Los Alamos, and at 45 MeV [12] by a group from PSI. Furthermore, a medium energy measurement of A L was made at TRIUMF [13] . The results are
A L ( pp; 221 MeV = (+0.84 ± 0.34) × 10
b) The asymmetry in the radiative capture of cold polarized neutrons on a parahydrogen target, np → dγ, was measured at Grenoble in 1977 [14] and much more recently at LANL [15] . The two results are of comparable sensitivity, with both failing to find a non-zero signal for PNC,
c) The circular polarization of the 2.22 MeV photon emitted in the capture of unpolarized thermal neutrons by protons was measured at the Leningrad reactor, yielding the upper bound [16, 17] 
Because the only definitive measurement of PNC in the NN system comes from the pp system, experimentalists have turned to few-body systems. Here calculations can be done in principle with quasi-exact nonperturbative strong interaction methods, though applications to scattering states are far less developed than to bound states. Faddeev-Yakubovsky methods and variational methods in hyperspherical harmonic bases can and have been applied to A=4 systems: the first bench-mark PNC calculations for 3 He(n,p) 3 H have been recently reported [18] . Hyperspherical harmonic and quantum Monte Carlo methods are under active development for A=5 PNC applications such as the spin rotation of polarized neutrons in helium [18, 19] . Thus within the next few years, quasi-exact methods should exist for extracting weak couplings from few-body systems. In the interim, model-based scattering calculations can be done with bound-state wave functions that are effectively exact. Fewbody experiments include: d) A PSI experiment measured the cross section difference in the scattering of longitudinally polarized protons from a 4 He target at 46 MeV, yielding an asymmetry [20] A L ( pα; 46 MeV) = (−3.3 ± 0.9) × 10 −7 .
e) A NIST study of the spin rotation of transversely polarized neutrons in passage through a 4 He target has yielded the upper bound [21] dφ nα dz = (1.7 ± 9.1 ± 1.4) × 10 −7 rad/m.
(As this observable is the isospin mirror of p+ 4 He, it would allow an isoscalar/isovector separation to be done for A=5.) f) An upper bound also has been established [22] on the analyzing power for longitudinally polarized protons scattering on deuterium
As so few of the attempted experiments in NN and few-body experiments succeeded in isolating nonzero effects at the expected ∼ 10 −7 level, experimenters turned in the late 1970s and 1980s to more complicated "two-level" nuclei where chance amplifications of PNC observables could be exploited. The origin of this amplification is level mixing: in the presence of a parity violating interaction described by the Hamiltonian H w = H CC w + H N C w , the J π strong eigenstates of same angular momentum and but opposite parity will mix via the weak interaction. The PNC admixture can be determined from first-order perturbation theory
where i and k represent all other quantum labels of the nuclear levels. For typical nuclear weak matrix elements < φ J − k |H w |φ J + i >∼ 1 eV, which can be compared to the spacings of neighboring opposite-parity major shells ∼ 10 MeV. Consequently the PNC amplitudes in Eq. (13) are typically∼ 10 −7 . However, if two states fortuitously form a nearly degenerate parity doublet, the mixing can be significantly enhanced. In this case, Eq. (13) also simplifies because the two-level mixing will dominate all other contributions. Many early experiments utilized nuclei with such parity doublets to compensate for experimental sensitivities that would otherwise have been insufficient to probe H w .
Several experiments yielded nonzero results, and from such two-level systems one can often extract the magnitude of the nuclear matrix element of H w . But the next step -deducing from the many-body matrix element constraints on the underlying weak couplings of H w -can be problematic due to the uncertainties in model-based calculations of nuclear wave functions. Yet there are possible exceptions: g) Four independent efforts were mounted to search for the circular polarization of photons emitted in the decay from the J P , I = 0 − , 0 1.081
MeV excited state of 18 F to the J P , I = 0 + , 0 ground state. While rather stringent limits were obtained, the groups failed to find a signal. The initial state mixes with the nearby J P , I = 0 + , 1 level at 1.042 MeV, so that ∆E = 39 KeV. Thus this system isolates the ∆I = 1 PNC mixing of greatest interest. The results from the four experiments are in good agreement [23] [24] [25] [26] 
CalTech/Seattle (3 ± 6) × 10
Queens (14) The experiments reached past the DDH best-value sensitivity while failing to detect a nonzero result. Nuclear physics uncertainties in this system are unusually modest due to a relationship [27] between the mixing matrix element for the long-range pion-exchange contribution to PNC and the measured axial-charge β-decay rate for the transition from the J P , IM I = 0 + , 11 ground-state of 18 Ne, the isobaric analog of the 1.042 MeV state in 18 F, to the 1.081 MeV state in 18 F.
h) The photon asymmetry in the radiative decay of the polarized J P , I = ground state was measured in two independent experiments. The mixing here is between these two states, so ∆E = 110 keV. The measured asymmetries are [28, 29] 
This mixing matrix element is a sum of isoscalar and isovector amplitudes. The isovector contribution can again be related to the measured analog axial-charge β decay rate of the ChalkRiver/Seattle (16) While this nucleus is sufficiently light that rather sophisticated shellmodel calculations can be performed, there are indirect arguments based on discrepancies between these calculations and measured E1 transitions to/from the states of interest that nuclear structure uncertainties are not under control [6] . For this reason results from 21 Ne are frequently omitted from global analyses of hadronic PNC.
Finally, a class of novel experiments in heavy atoms has been included in some recent analyses of PNC experiments. The nuclear anapole moment, a weak radiative correction, generically becomes the dominant V(electron)-A(nuclear) coupling in heavy atoms due to its growth with the mass number (∝ A 2/3 ) and to the relative weakness of the competing tree-level contribution from direct Z 0 exchange [32, 33] . The resulting electron-nucleus interaction has the form
where J and ρ(r) denote the nuclear spin and density and α e is the usual Dirac operator for atomic electrons, and where the anapole moment dominates κ tot in heavy systems, because of the A 2/3 growth in its contribution to κ tot . Nuclear anapole moments can be isolated through the dependence of the atomic PNC signal on nuclear spin (e.g., by examining variations in PNC signals for different hyperfine levels). As the largest contribution to nuclear anapole moments comes from PNC ground-state parity admixtures generated by H w , in principle they provide another test of the hadronic weak interaction. Anapole results include j) limits on the moment of 205 Tl [34, 35] ,
k) and a measurement of the moment of 133 Cs [36] ,
A rather complex nuclear polarizability arises in the theoretical treatment of anapole moments [37] [38] [39] . As in the case of the heavy-nucleus results of Eqs. (1) and (2), the calculations are based on nuclear models that can only partially capture the relevant physics. The accuracy of the constraints on the NN PNC interaction derived from the experiments is consequently somewhat difficult to assess.
Meson-Exchange Approach
For the past thirty years the most common theoretical approach in analyzing PNC experiments has been that based on the meson-exchange model of Desplanques, Donoghue, and Holstein (DDH), developed in 1980 [40] . DDH constructed a PNC potential based on π ± , ρ, and ω exchanges with strong vertices described by the Hamiltonian
They chose for their strong couplings g g 2 ω /4π ∼ 0.62 and, using vector dominance to connect with the electromagnetic interaction, χ V = κ p − κ n = 3.70 and χ S = κ p + κ n = −0.12.
The weak vertices are based on a Hamiltonian with seven phenomenological couplings
Couplings to the neutral pseudoscalar mesons π 0 , η 0 , η 0 are absent due to Barton's theorem, which requires such couplings to be CP violating [41] . Combining Eqs. (21) and (22) and doing a Fourier transform yields the coordinate-space DDH potential,
where w i (r) = exp(−m i r)/4πr is the usual Yukawa potential, r = | r 1 − r 2 | is the relative NN coordinate, and p i = −i ∇ i . The resulting PNC NN interaction is described in terms of seven phenomenological weak NN-meson couplings-h
ρ is generally not included, since it is a short ranged piece of the dominant pion coupling and a simple bag model estimate has shown that it is small [42] . This potential is very closely related to model-independent, threshold S − P interactions, as discussed below.
The results of PNC analyses are often presented as in Fig. 1 , in terms of constraints on the weak couplings. However, the weak NN amplitudes depend on a product of weak and strong couplings, so that comparisons of extracted weak couplings can become problematic if experiments are not analyzed with a common set of strong coefficients. We will return to this point in later discussions.
DDH [40] DDH [40] DZ [43] [40, 43, 44] , in units of
, where G F is Fermi's weak coupling and F π the pion decay constant.
Using quark model and symmetry methods, DDH attempted to calculate values for these weak parameters. However, because of strong interaction uncertainties, an accurate estimate proved impossible, so DDH instead quoted reasonable ranges and "best values" -or perhaps more accurately, "best guesses" -for each. These are listed in Table 1 together with values estimated by some other investigators. One issue relevant to later discussions is that the DDH best value for h 1 π is higher than found by some others. Skyrme and quark-soliton models tend to give smaller values for h 1 π [45, 46] . A large-N c result has also been obtained recently [47] .
Analysis of key experiments described in the previous section in terms of these unknown weak couplings has produced the well known graph [37] shown in Fig. 1 , which exploits the fact that certain isoscalar and isovector combinations of the DDH parameters dominate the experimental observables. This plot dates from 2001 and as we will show later, should be modified to reflect more recent developments in PNC studies. [37] , displaying bounds from four experiments where it is believed that theoretical analysis uncertainties are under reasonable control: pp, pα, 18 F, and 19 F. The small shaded triangle is consistent with all four experiments. The DDH best value point is also shown. Later we show that the data on p + p subsequently obtained at TRIUMF [13] and the analysis of Ref. [54] have a significant impact on this plot.
For the reasons described previously, the most reliable constraints on PNC come from a limited number of measurements where PNC has been seen or sharply limited, and where the analysis of the observables can be done reliably either with ab initio techniques or by relating observables to other measured quantities such as axial-charge beta decay rates. Figure 1 a figure that has been used frequently over the past decade, despite its 2001 vintage [37] -shows that the allowed bands for these observables -pp, pα, 18 F, and 19 F -intersect in a limited region defined by linear combinations of isoscalar and isovector weak couplings. The resulting value of the isoscalar coupling
can be compared to the DDH best value ∼ 12.5 × 10 −7 and reasonable range of (-15.4 ↔ 39.0) ×10 7 . The two alternative sets of theoretical weak couplings given in Table 3 yield ∼ 11 × 10 −7 [43] and ∼ 7.3 × 10 −7 [44] . If we consider the extended region where at least three of the four bands overlap, this range would expand to ∼ (13 − 25) × 10 −7 . Thus the conclusion from the 2001 analysis is that the experimental value is likely comparable to or somewhat larger than the DDH best value, though quite consistent with the reasonable range. One also sees that there is some tension between the isoscalar coupling derived from p + p asymmetry and that derived from other observables: the p + p asymmetry tends to favor somewhat weaker isoscalar couplings. This tension will be re-examined in the next section, in light of results on p + p obtained after the analysis of [37] that led to Fig. 1 . In deriving the p + p band, the experimental result was "marginalized" over degrees of freedom not shown in the plot, resulting in a broadening of the band: this includes the isotensor contribution to p + p as well as a small isoscalar contribution orthogonal to the combination −(h 0 ρ + 0.7h 0 ρ ). New results discussed in the next section allow improvements in this process.
The discrepancy in the case of the long-range isovector pion coupling h 1 π is much more substantial. The range of values consistent with the combined results of the four 18 F experiments, P γ = (1.2 ± 3.9) × 10 −4 [26] , and the relationship established by measured β decay rates with the inclusion of all identified theory uncertainties,
Thus |h 1 π | is substantially smaller than the DDH best value estimate, 4.6 × 10 −7 . Although 18 F is a complex nucleus, it is difficult to attribute the discrepancy to nuclear structure uncertainties because the PNC mixing matrix element needed in the analysis can be determined from the analog beta decay of 18 Ne [6, 27] : with this constraint, the residual model dependencethat is, the variation that can be achieved by using any of the wide range of 18 F wave functions to relate 18 F PNC to 18 N β decay -was found to be 14% [6] . The axial-charge β decay argument relates bare couplings, and thus eliminates concerns about operator renormalization that accompanies shell-model calculations.
This h 1 π result is supported by two others. A lattice QCD calculation of h 1 π was recently performed [48] for a lattice size L ∼2.5 fm, lattice spacing a s ∼ 0.123 fm, and a pion mass m π ∼ 389 MeV, accomplishing a goal envisioned some time ago [49] . The result obtained
is consistent with the 18 F result and also well below the DDH best value. This calculation is a first step: it did not include nonperturbative renormalization of the bare parity-violating operators, a chiral extrapolation to the physical pion mass, or contributions from disconnected (quark loop) diagrams, though it was argued that these omitted effects would be expected to lie within the designated systematic error. Nevertheless, the result should be considered preliminary, pending future work with physical pions and including disconnected diagrams The 18 F result is also consistent with the interpretation of a recent measurement of a PNC triton emission asymmetry coefficient in the reaction 6 Li(n,α) 3 H with polarized cold neutrons. From the nonzero result obtained, a PNC = (−8.8 ± 2.1) × 10 −8 [50] , the following limit was obtained
However, we are reluctant to adopt this result as independent evidence for a suppressed h 1 π because the reaction theory on which the limit is based is rather simple in its use of a cluster decomposition and schematic interactions. The experimental result provides good motivation for further theoretical work.
The TRIUMF 221 MeV p + p Measurement
A somewhat discouraging aspect of the effort to understand hadronic parity PNC has been the slow pace of results since the 1980s. The decade of the 1980s gave us several important measurements: the longitudinal asymmetries for p+p and p + α, the significant limits from the Queens and Florence group on P γ ( 18 F) that pointed to a problem with h 1 π , our cleanest handle on neutral current contributions to PNC, and the measured A γ for 19 F. But the last twenty years have proven more difficult. A promising LANL effort on A γ ( np) -an experiment that could confirm conclusions drawn from 18 F -in the end yielded a limit comparable to that established in the Grenoble effort of 1977. Another effort is now underway [51] at the SNS cold neutron beamline that hopefully will meet with greater success. The NIST experiment on neutron spin rotation in He also provided only an upper bound: had PNC been detected, a separation of isoscalar and isovector contributions to PNC could have been made by combining this result with the existing p+ 4 He measurement. As significant difficulties were encountered in this experiment, new ideas may be needed before another attempt can be made [52] . The anapole moment of Cs was measured -a remarkable feat that does establish the expected sharp growth in this weak radiative correction with increasing A -but it is difficult to envision any confident determination of PNC couplings from the measurement given the complexity of the nuclear polarizability that governs this moment. Finally, the recent measurement of PNC in 6 Li(n,α) 3 H is a significant advance, but ab initio methods for handling the associated analysis are not yet in hand.
One significant new result is the TRIUMF medium-energy measurement of p + p, reported in 2001 and 2003 [13, 57] ,
This measurement was performed at an energy where the 1 S 0 − 3 P 0 amplitude nearly vanishes, and consequently where the 3 P 2 − 1 D 2 partial wave dominates the scattering. We discuss this result in detail here because, as explained below, this result has been combined with others in a way that has obscured its impact on Fig. 1 .
The result, together with the lower energy p + p measurements, was analyzed by Carlson et al. [54] using several modern strong potentials -Argonne v18 (AV18) , Bonn-2000, Nijmegen-I. The full scattering problem with strong, Coulomb, and weak potentials was solved in both coordinate and momentum space. This work remains state-of-the-art, the definitive treatment of PNC in p + p. The approach resembles early work by Driscoll and Miller [53] and confirmed many of their conclusions, including the importance of distorted waves even at rather modest momentum transfers [53] . While channels up to angular momentum J=8 were included, it was shown that the region up to the laboratory energy of 221 MeV could be described accurately by retaining the first two PNC partial waves of the DDH potential, To avoid such confusion, the authors of [6] advocated quoting experimental constraints in terms of the product of weak and strong couplings, but this suggestion did not catch on. As pionless effective field theory treatments essentially force comparisons to be made at the NN amplitude level, not at the weak vertex level, the situation may be changing, as we discuss in Sec. 6 .) The overall strengths of the ρ and ω couplings that enter into p + p scattering depend on the isospin combinations
These parameters appear in the DDH potential alone as well as in the combinations Figure 2: Left panel: 68% and 90% c.l. constraints on the 1 S 0 − 3 P 0 and
and A P D = h ρ g ρ χ V +h ω g ω χ S derived from the 13.6, 45, and 221 MeV p+p measurements and the calculations of [54] . Right panel: Constraints on the DDH potential weak couplings imposed by the results on the left when interpreted in terms of DDH strong couplings.
Thus the parameter space has four degrees of freedom. However in the planewave Born approximation this collapses to two degrees of freedom associated with the coupling combinations
the coefficients of the 1 S 0 − 3 P 0 and 3 P 2 − 1 D 2 amplitudes. Thus in this limit it is possible to define strictly equivalent sets of weak couplings for arbitrary variations in the strong couplings g ρ , χ V , g ω , χ S . This appears to be the procedure Carlson et al. used in defining their DDH-equivalent and adjusted-DDH couplings. It is also the approximation we make here.
We use the 1 S 0 − 3 P 0 (J=0) and [54] which are given separately in the paper. (The J=0+2 result is virtually identical to the full result that includes all angular momentum channels though J=8, showing that only two channels are important.) Treating the experimental data as described in [54] and fitting the three experimental data points, we find the constraints on A SP and A P D displayed in Fig. 2 . This procedure thus gives us constraints on the product of weak and strong couplings, the quantities directly determined by experiment. The procedure was cross-checked by plugging in CD-Bonn strong couplings and generating the analog of 
Allowing the small isovector and larger isotensor contributions to this quantity to vary arbitrarily throughout the DDH reasonable ranges, one finds
a result that can then be placed on the revised limits graph shown in Fig. 3 .
The new analysis removes the tension we observed in Fig. 1 .
7 , is centered on a value that is approximately twice the DDH best value. Figure 3 also includes Wasem's recent lattice QCD calculation [48] of h 1 π , shown as the blue vertical band. We have plotted this result by adding the systematic error to the statistical error, and note that it is difficult to estimate the effects of the omitted disconnected diagrams and of the nonphysical pion mass employed (389 MeV).
Even without new experiments, there are important steps that can be taken to further tighten the bounds shown in Fig. 3 . First, Wasem's benchmark calculation has demonstrated that lattice QCD has reached the point that it can impact hadronic PNC analyses. The completion of the h 1 π work -the evaluation of the disconnected contribution and the repetition of the connected calculation with physical or near-physical pion masses -appears to be feasible with computing resources now coming available (though the requirements may be 10-100 times the CPU investment made in the connected calculation, where the contractions required about 6 months of running on LLNL's Edge GPU cluster). There is also a second important opportunity: the p + p band shown in Fig. 3 requires one to remove the isovector and isotensor contributions from h pp ρ + 0.7h pp ω . This was done by allowing these contributions to vary over their full DDH reasonable ranges, resulting in a substantial expansion of the uncertainty on h 0 ρ + 0.7h 0 ω . As the isovector couplings are thought to be very small, this step is controlled by the DDH reasonable-range uncertainty on h 2 ρ . This parameter has no disconnected contribution in lattice QCD and thus should be calculable to high accuracy. The completion of a lattice QCD calculation of h 2 ρ could thus significantly narrow the p + p band in Fig. 3 . The CalLat Collaboration has proposed a program of lattice QCD calculations focused on h 1 π and h 2 ρ [58] . Second, we would advocated that the authors of [54] revisit that important work. It should be possible to express the p + p asymmetries calculated there analytically, as coefficients associated with combinations of weak and strong parameters, h ρ g ρ , h ρ g ρ χ V , h ω g ω , and h ω g ω χ S , evaluated for each of the three energies of interest (13.6, 45, and 221 MeV). The coefficients could be tabulated for the three strong potentials explored in [54] and for a range of reasonable single-nucleon form-factor masses. (A form factor was used in [54] because of the large relative momentum transfer at E lab = 221 MeV.) This would allow one to simplify the analysis described above -and guarantee its correspondence with the exact numerical results. The dependence of the expansion coefficients on the choice of strong potential and on the value of the form-factor mass would provide a good measure of strong-interaction uncertainties.
The DDH Potential and its S−P Reduction
At sufficiently low energies in elementary two-nucleon systems the matrix elements of the PNC interaction can be written in terms of five elementary SP amplitudes, as Danilov emphasized in early work. Because long-range pion exchange contributes to the 3 S 1 − 3 P 1 channel, the short-range structure can be more readily distinguished in this amplitude, through the contribution of higher partial waves. Thus the zero-range approximation to the low-energy PNC interaction is sometimes elaborated through the addition of a sixth parameter, the pion range.
As recent treatments based on lowest-order effective field theories (EFTs) begin with the threshold behavior of PNC amplitudes, here we take a similar approach with the DDH potential, to illustrate the compatibility of the potential and EFT approaches. By doing a Taylor expansion on the initial and final states, the DDH potential can be expanded in a power series in derivatives compared to m, where m represents m π , m ρ , or m ω , while the DDH Yukawa potential effectively contracts to a contact form. The Danilov limit, retention of the lowest order contribution corresponding to S↔P amplitudes, corresponds to the first term in the expansion where the identification e −mr 4πr ↔ 1 m 2 δ( r) is made in Eq. (23) . [Whether one considers the delta function written above as a true delta function or the representation of a "fuzzy" one, m 2 e −mr /4πr, is really a matter of taste [55] , in that PNC will always be treated perturbatively.]
A bit of work is needed in expanding the DDH potential to lowest order because ten operators arise in the reduction of Eq. (23), but only five of these are independent in the S-P limit. Defining
one finds the following identities (valid in S-P matrix elements)
where the rank-two tensor product (
. These identities can be used to write the most general lowest-order (LO) PNC potential in many equivalent ways. We choose to retain the five operators used in [6] , using Eqs. (35) to eliminate the remaining five, obtaining
where the subscripts on the coefficients Λ denote the change in isospin ∆I induced by the operator, and the superscripts denote the transitions induced by the operators. (The linear combinations of the two isoscalar operators formed in the first two lines above ensure simple projections.) This hermitian S-P PNC potential is the most general contact interaction that can be constructed, once the identities of Eq. (35) are used to remove redundant operators in favor of the five we have chosen. Consequently the 1/m expansion of the DDH potential that keeps only the LO terms must have this form. This leads to an identification of DDH weak couplings with the coefficients of the potential,
On the right we have indicated the DDH "best value" equivalents as a very rough guide to magnitudes, with the main points being the strength of the long-range Λ 3 S 1 − 3 P 1 1 DDH coupling (keep in mind that this often contributes only to the exchange channel, which can weaken the contribution by a factor ∼ 5 [6] ) and the weakness of Λ Sometimes the DDH potential is discussed as though it were quite distinct from the nonrelativistic LO potential of Eq. (36), which can be constructed from symmetries and power-counting in external momenta. But the expressions above show that this is not the case. First, in the isoscalar and isotensor channels, there is a 1-to-1 mapping of DDH weak couplings and LO operator coefficients,
In the isovector channel in principle there is an overcompleteless in the LO reduction of the DDH theory because four weak couplings map onto the two independent operators 
with this observation the DDH potential would be functionally equivalent to the most general LO effective theory. (The momentum scale for most PNC observables is not insignificant, as we will discuss later, so the DDH potential does take partial account of P − D and other contributions, as discussed in the next section.)
This discussion also further clarifies the motivation for our reanalysis of the Carlson et al. calculation of p + p: the mapping from effective operator coefficients to DDH parameters involves products of weak and strong coefficients. Any consistent global analysis in terms of weak couplings must use a fixed set of strong coefficients, so the these products are properly determined.
The effective Hamiltonian of Eq. (36) is written in terms of operators of definite isospin, but one can of course use it to calculate NN observables. For initial and final states with strong-interaction distorted waves one finds
where we have defined
In terms of quantum number |(LS)JM J ; T M T , here the pn states have been defined as the normalized states | 1 S 0 pn ≡ |(00)00; 10 , | 1 P 1 pn ≡ |(10)1M J ; 00 , etc.
DDH Potential & EFTs: A Rosetta Stone
We have seen, with the customary choice in the DDH potential of h 1 ρ = 0, the one redundancy in the potential, when viewed in the S-P limit, is in the isovector channel. This is the channel dominated by pion-exchange, and thus the channel where the contact-gradient expansion that comes from taking the limit m meson → ∞ will fail first, as a function of increasing momentum transfer. Following [6] , this redundancy can be expressed as an invariance of the DDH S-P threshold amplitudes under the simultaneous shifts
This transformation leaves the isosector 1 S 0 ↔ 3 P 0 and 3 S 1 ↔ 3 P 1 amplitudes invariant. While the triplet isovector channel contains the pion contribution, the S − P limit provides no information on the range of the interaction: the pion contribution cannot be disentangled from the ρ/ω contribution.
The are two P − D ∆T = 1 partial waves sensitive to the pion-range
Here ⊗ denotes a tensor product. These operators come from the next order in the Taylor expansion of the initial and final wave functions. The derivation of these terms from a potential model would identify the delta functions in these terms as the r 2 -weighted moments of the Yukawa potentials e −mr /r, which would consequently emphasize pion-exchange contributions.
In principle, these NLO contributions break the degeneracy among the isovector parameters of the DDH potential. Given a complete set of lowenergy data that includes some observable with sensitivity to D-waves but where momentum scales still allow a Taylor series approximation, the data will effectively fix the strength of g πN N h 1 π . The "sixth degree of freedom" in the DDH potential thus allows one to take account of some average effect of the 3 P 1 − 3 D 1 and 3 P 2 − 3 D 2 channels: strong interaction effects that differentiate these channels, such as spin-orbit interactions, would not be be treated in such a fit. This view of the DDH potential has much in common so-called hybrid EFT methods, where conventional potential models are used to generate wave functions, while interactions are expanded systematically, then evaluated between potential-model wave functions [56] . In practice, we will argue below that existing data provide perhaps only two significant constraints on PNC, and thus fall far short of what is needed for even a LO fit, let alone one that tries to address the finite-range effects of m π .
There have been a number of recent treatments of PNC that have developed S − P representations of interactions from a "bottom up" approach, developing the S − P amplitudes in the framework of pionless EFT, with the inclusion of one derivative. The first such effort was by Zhu et. al [59] (though we note EFT approaches have connections to earlier work [60, 61] ).
This treatment retained operators that were related under operator identities analogous to those given in Eq. (35) , and thus is somewhat more difficult to use because of the redundancies. The long-wavelength form of the resulting PNC Zhu potential is
Girlanda [62] then provided a treatment that addressed the necessary operator identities, generating a potential with the requisite five low energy constants. The analysis begins with the twelve operators
generating the general PV NN Lagrangian
Then, with the use of Fierz transformations and the free-particle equation of motion, six conditions relating these operators were identified
Finally, using the feature that the operators O 6 andÕ 6 have the same form in the lowest order nonrelativisitic expansion, one determines an effective (pionless) Lagrangian, which reduces to the nonrelativistic form
(As was done by Phillips, Schindler, and Springer [63] , in Eq. (44) the factor of 1/Λ χ must be applied to the Girlanda and Zhu entries, respectively, to obtain the dimensionless coefficients Λ, e.g., Λ
Returning to the "canonical form" of the S − P contact potential in terms of the partial-wave operators of Eq. (36) , the relationships between the DDH, Girlanda, and Zhu forms of that potential can be summarized in terms of coefficients of that potential, as shown in 
Observables and Momentum Scales
The decomposition of the PNC interaction into SP amplitudes provides an interesting way to think about the need for additional experimental constraints on the PNC interaction. This type of approach -envisioning experiments that might constrain the five degrees of freedom of an S − P potential, valid near threshold -dates back to the work on Danilov [61] . (See also Ref. [60] .)
One can approach the problem of obtaining five experimental constraints on the PNC potential with varying degrees of realism. For example, Danilov suggested a treatment where the strong-interaction input would be limited to the 3 S 1 and 1 S 0 strong phase shifts. The parameters derived from fitting experiment in this limit would encode and thus entangle weak and strong physics: for example, the strong short-range repulsion that carves out the r ∼ 0.5 fm hole in the nucleon-nucleon correlation function would be entangled with the short-range weak physics the DDH potential attributes to ρ and ω exchange. Yet the effective couplings derived from fitting data would still provide a valid parameterization of low-energy weak NN interactions, and once those parameters were determined, could be used to make predictions.
Several such "unitarized" strong phase-shift methods designed to satisfy the generalized Watson theorem were developed and employed in calculations of PNC observables such as A L ( p + p) in the 1970s and 80s [65, 66] . The inadequacies of such approaches in applications to low-energy observables such as A L ( p + p) were noted in the 1980s [6] . The importance of treating the strong distortion of the partial waves was first demonstrated in explicit calculations by Driscoll and Miller [53] . The need for distorted waves follows from simple considerations: our highest precision measurements of A L ( p + p) were performed at 13.6 and 45 MeV, or at center-of-mass relative momenta of 80 and 145 MeV. A treatment like that envisioned by Danilov in which the information about the strong interaction is encoded entirely in the scattering length cannot be successfully applied to these data: the range of validity is determined not by the naive estimate of m π , but by the anomalously large scattering lengths of the nn, np, and pp channels of ∼ 20 f. Using the effective range expansion, one find that the neglect of the range, or r 0 , in
produces 100% errors at q ∼ 34 MeV/c. This constraint would require elementary NN experiments to be performed at scattering energies 2 MeV, which appears to be impractical except, potentially, in future spin rotation experiments in parahydrogen. While measuring NN scattering observables at very low energies may be prohibitively difficult, one might propose alternative measurements of near-threshold PNC observables in few-nucleon system, such as neutron spin rotation in 4 He. Unfortunately the effective center-of-mass momentum relevant to NN partial-wave analyses is generally not determined by the external kinematics in such reactions, but rather by the nuclear Fermi momentum, typically ∼ 200 MeV> m π . This is the characteristic scale of the momentum flow in the exchange term, which often dominates the PNC interaction, as Barton's theorem restricts direct terms. There is a nice pedagogical treatment of these effects in [6] (see Sec. 6.1), where a mean-field approximation to V P N C 12 is derived in a Fermi gas model, showing analytically that exchange terms make important contributions to every S − P amplitude, are the only source of sensitivity to h Consequently, we are stuck with the need for evaluating PNC observables in a framework that treats strong interaction distortions. This framework is not provided by Danilov or pionless EFT approaches in which strong interaction input is limited to scattering lengths. Pionful EFTs could be contemplated, but their development for strongly interacting A > 2 systems has proven to be challenging due to the anomalous scales mentioned above, apparent from nuclear binding energies: this was the origin of Weinberg's proposal to distinguish irreducible graphs that involve no infrared enhancements, treating these by chiral perturbation theory, from reducible graphs, which involve the strong potential V in combination with infrared-enhanced propagators, requiring all-order summations. Such considerations have led to hybrid EFT strategies where wave functions are generated from potentials that have been tuned to the anomalous nuclear scales, but where the interactions evaluated between such wave functions are developed through EFT. This appears to us to be a viable strategy for modern treatments of PNC, with the coefficients of the five S − P operators providing a model-independent description of the PNC NN interaction. Such a theoretical program would be timely if new data soon become available.
This leads us to the question of what has been measured vs. what might be measured (or calculated) in the near future to further our understanding of hadronic PNC. First we consider the constraints illustrated in Fig. 3 , where we take all calculations from [6] except as noted:
1. The longitudinal p + p asymmetry at 13.6 [10] , 15 [11] , 45 [12] , 221 [13] MeV:
The new combined analysis described in Sec. 4 yields the S − P constraint
It also yields a weaker constraint on the 3 P 2 − 1 D 2 amplitude which we give here in terms of DDH couplings 
3. The circular polarization of the γ-rays omitted in the decay of excited 18 F. The data from the various experiments discussed earlier can be combined to determine P γ ( 18 F ) < (1.2±3.9)×10 −4 . As the relationship of this limit to the underlying weak parameters depends on a mixing ratio of known magnitude but unknown sign [6] , one finds in terms of DDH couplings
where the nuclear matrix element has been taken from axial-charge β-decay measurements. This result can be recast as an approximate constraint on S − P coefficients
As discussed previously, there is also a significant result from lattice QCD that provides an important comparison for the 18 F result [48] 4. The γ-ray asymmetry in 19 F can be converted to the following constraint on weak couplings using nuclear matrix elements calibrated by axial-charge β decay (see earlier discussions on associated uncertainties),
These constrains are similar to those for p+ 4 He, another odd-proton system.
As we have discussed previously, the results above, which are shown graphically in Fig. 3 , are those that we feel can be reliably interpreted. There is a great need for additional measurements, particularly in NN and few-body systems where the associated strong-interaction effects can be handled well:
1. The photon asymmetry in np → dγ [14, 15] 
The SNS continuation of the program begun in [15] may be able to reach a sensitivity of ∼ 10 −8 . The lattice QCD prediction of A γ ∼ −1.2 × 10 −8 and the 18 F results suggest that such sensitivity will be necessary to see a nonzero signal.
The neutron spin rotation in
4 He [21] . Using [67] , we find
This observable is an isospin complement of A γ ( 19 F) and A L ( pα), so it is unfortunate that the sensitivity necessary to obtain an important, orthogonal constraint has so far not been reached.
Other few-nucleon observables have been considered in the literature (though we are aware of no measurements). Ideas include the longitudinal asymmetry for 3 He( n, p) 3 H [18] ; the photon asymmetry where unpolarized neutrons are scattered off a polarized deuterium target, A γ (n d); neutron spin rotation in a deuterium target [71] ; and the capture of circularly polarized photons on deuterium γd → np.
Outlook and Summary
After more than two decades during which few new results became available, we are beginning once again to make progress in understanding how the ∆S = 0 weak interaction operates among strongly interacting nucleons. First we argued here that if the existing experimental results yielding nonzero values for PNC observables are treated in a consistent formalism, the agreement among them is really quite good: The p + p, 18 F, 19 F, and p+ 4 He results combine to suggest a ratio of isoscalar-to-isovector strengths about a factor of six larger than the "best value" benchmark of DDH. The tension that had existed among the results appears to have arisen from comparisons that did not utilize a common set of strong meson-nucleon vertices.
Second, we have the first tentative confirmation of the most puzzling result in the field, the indication from 18 F that h 1 π is at least a factor of three below the nominal DDH "best value." The evidence supporting this result has come from theory, the first lattice QCD calculation of a weak meson-nucleon coupling. The lattice QCD value for h 1 π is consistent with the 18 F upper bound. While the result is tentative -calculations at the physical pion mass with the inclusion of disconnected contributions remain to be done -large changes are not expected, based on current estimates of the calculation's statistical and systematic uncertainties.
Third, as lattice QCD gives an h . Our calculation combining the 13.6, 45, and 221 MeV p + p results could be redone, without the loss of sensitivity that comes from marginalizing over possible values of the unknown parameter Λ . This review has also tried to emphasize the close relationship between the various formulations of hadronic PNC, whether based on potentials such as DDH [40] or pionless effective field theory, such as the calculations of Zhu et al. [59] , Girlanda [62] , and Phillips et al. [63] . The common language is the set of five S-P operator coefficients that provide a model-independent parameterization of the most general low-energy PNC interaction. Operationally, the DDH potential differs from pionless EFT interactions only through the inclusion of a sixth parameter that can mock up the effects of long-range pion-exchange in inducing 3 P − 3 D transitions; alternatively, that degree of freedom can be removed through a constraint, to obtain an analog of pionless EFT, as was done in [6] .
With the exception of the p + p result at 221 MeV, the data we have utilized in this review can be represented well in calculations that employ the S − P operators. However, we have also stressed the importance of embedding that operator between realistic strong-interaction wave functions: momentum transfers in many of the processes of interest are characteristric of the Fermi momentum, and are thus well beyond the range of validity of Danilov or EFT treatments that limit strong interaction input to the singlet and triplet scattering lengths. The importance of distorted waves for accurate calculations of low energy p + p, for example, has been known for many years. The development of pionful theories to systems with A > 2 has proven a great challenge, reflecting the anomalously low scale of nuclear binding energies and the associated difficulties with infrared enhancements. The kind of approach we envision succeeding in PNC studies combines a modelindependent description of the weak interaction, in the manner of pionless EFT, with state-of-the-art wave functions taken from modern potentials. This is sometimes termed hybrid EFT.
Finally, with lattice QCD now making contributions and with a new experimental program underway at the SNS, it may be time for a more coordinated theory effort on PNC. In the previous section we have described the dependence of PNC observables on the underlying S − P operator coefficients. Many of the calculations used in that section, however, are dated and should be revisited. One purpose of this review is to set the stage for such a comprehensive effort. The formalism used here emphasizes the common features of existing PNC treatments, whether based on potentials or constructed as pionless EFTs. We believe a treatment that exploits the S − P operator coefficients as a "Rosetta stone" for PNC, but evaluates operators between wave functions that are constructed from the best modern potentials, applied systematically to all of the relevant few-nucleon systems,would address the needs of the experimental community. The simplicity of the S − P operator formalism would be retained, but the realism achievable with modern potential treatments of the strong interaction would not be sacrificed.
